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ABSTRACT
Raman spectra and electrical conductance of individual, pristine, suspended, metallic single-walled carbon nanotubes are measured under
applied gate potentials. The G- band is observed to downshift with small applied gate voltages, with the minima occurring at EF ) (1/2Ephonon,
contrary to adiabatic predictions. A subsequent upshift in the Raman frequency at higher gate voltages results in a “W”-shaped Raman shift
profile that agrees well with a nonadiabatic phonon renormalization model. This behavior constitutes the first experimental confirmation of the
theoretically predicted breakdown of the Born-Oppenheimer approximation in individual single-walled carbon nanotubes.
The Born-Oppenheimer (BO) or adiabatic approximation
is widely used to simplify the very complex many-body
problem of electrons in solids and molecules,1 assuming that
electrons equilibrate much faster than the atomic motion of
the ionic cores. Without this approximation, most molecular
and solid-state problems become difficult or impossible to
solve analytically. Although the BO approximation is valid
in most materials and molecular systems, there are a few
situations in which it does not hold, including some low
atomic weight compounds,2-4 intercalated graphite,5 and
graphene.6 Clean, defect-free single-walled carbon nanotubes
(SWNTs) are systems which can be used to verify funda-
mental phenomena, such as Wigner crystallization7 and
spin-orbit coupling,8 and are ideal candidates for testing
fundamental physical predictions. In nanotubes, the BO
approximation is expected to break down because of the
relatively short vibrational period of the longitudinal optical
(LO) phonon and the relatively long electronic relaxation
time.9,10 This breakdown has been observed in semiconduct-
ing nanotube mats,9 however, inhomogeneities broaden
effects in such systems.
The breakdown of the BO approximation can be observed
directly in an individual nanotube by studying the LO phonon
G
-
Raman feature of metallic SWNTs (m-SWNTs), which
is fundamentally different than that of their semiconducting
counterparts11 (sc-SWNT). The G
-
band is broadened and
downshifted (reduced in frequency), an effect arising from
coupling to a continuum of electronic states.9,10,12-18 In other
words, the LO phonon mode is damped by the free electrons
near the Fermi energy.19,20 This coupling is a Kohn anomaly
(KA) and has also been referred to as a weakened Peierl’s-
like mechanism. The G
-
band Raman feature in m-SWNTs
is particularly interesting under applied gate voltages (Vg)
because of the ability to effectively turn off the Kohn
anomaly by shifting the Fermi energy (EF). As this happens,
the LO phonon frequency upshifts, due to reduced phonon
softening of the extinguished Kohn anomaly. This effect has
been observed by many groups13,15,16 and generally agrees
with phonon renormalization theory quite well.9,17,18,21 Se-
lected Raman G band spectra from the nanotubes in this study
are shown in Figure 1. Note the complete absence of the
defect-related D band, which gives testament to the pristine
nature of the nanotubes used in this study.
A striking difference between the predictions of the
adiabatic and nonadiabatic models occurs in the gate voltage
response of the LO phonon when EF is near the Dirac point.
Phonon energy renormalization calculations done within the
adiabatic approximation predict a monotonic upshift of the
phonon frequency with increasing |EF|, with the minimum
frequency at EF ) 0 eV (see ref 10). In calculations which
relax the adiabatic approximation, there is an initial frequency
downshift of the Γ-LO phonon with increasing |EF|, followed
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by an upshift after the Fermi energy has passed (1/2Ephonon,
forming a “W”-shaped gate voltage profile. The minimum
frequency for these calculations occurs at EF ) (1/2Ephonon.10
This was recently observed in graphene at cryogenic tem-
peratures;22 however until now there has been no experi-
mental observation of this clear signature of the influence
of the BO approximation in isolated SWNTs, most likely
because of sample inhomogeneities and defect-related elec-
tron relaxation. We report the observation of this initial
downshift at room temperature in pristine, isolated m-
SWNTs, followed by a subsequent upshift, consistent with
theoretical predictions reported previously.10,18 These results
directly confirm the breakdown of the Born-Oppenheimer
approximation, indicating the intrinsic nonadiabatic nature
of the electron-phonon coupling in this system.
The G
-
band Raman peak is often observed to be
asymmetric, consistent with a Breit-Wigner-Fano (BWF)
line shape, given by
IBWF(ω)) I0
(γ+ (ω-ω0)1q)2
γ2 + (ω-ω0)2
where γ is the linewidth, ω0 is the center frequency, and q
is the Fano factor (negative in m-SWNTs). This asymmetry
is due to photon coupling to a discrete phonon state and to
a continuum of electronic states.12 The temperature23 and gate
voltage17,24 dependences of this parameter have been previ-
ously reported. Here, we present the gate voltage dependence
of -1/q and electrical conductance measured simultaneously.
In this work, samples are fabricated using chemical vapor
deposition on Pt electrodes with predefined catalyst beds,
as reported previously.7,25,26 The resulting devices are
suspended single-walled nanotubes with a trench depth of
300 nm and widths of 2-5 µm, illustrated in Figure 2. The
samples in this study were grown using ethanol27 or methane
as the carbon feedstock. No additional processing was
performed on devices after the nanotube growth, except for
an oxygen bake to rid the devices of amorphous carbon. The
devices are prescreened by examination of the electrical
characteristics, such that all nanotubes in this study are highly
defect-free, pristine, individual SWNT devices. Raman
spectra were collected from the center of the SWNTs with
a Renishaw InVia spectrometer using 532, 633, or 785 nm
lasers focused to a diffraction limited spot through a 100×,
high numerical aperture objective lens.
Figure 3 shows the Raman frequency, linewidth, -1/q,
and electrical conductance data plotted as a function of
applied gate voltage (Vg) and Fermi energy (EF), as deter-
mined from the gate coupling factor. The laser wavelength
used was 532 nm at a power of 350 µW. The frequency of
the LO phonon initially downshifts as |EF| is moved away
from zero. As |EF| is increased beyond Eph/2, the Raman
frequency (Figure 3a) begins to upshift. The Raman linewidth
(full width half-maximum, FWHM) of the LO G
-
band is
also plotted versus Vg and EF in Figure 3b, and exhibits strong
narrowing as the Kohn anomaly is shut off with increasing
|EF|, dropping from over 50 cm-1 to just over 10 cm-1.
Plotted along with the Raman data are the adiabatic (dashed)
and nonadiabatic (solid) phonon renormalization models
presented by Caudal et al.10 and described below. Finally,
-1/q exhibits a strong decrease toward zero with increasing
|EF|, while the conductance shows a sharp dip near EF ) 0,
typical of the quasi-metallic nanotubes measured in this
study. The solid line in Figure 3c represents a conductivity
model based on Boltzmann transport and the Landauer model
(eq 3).26,28-33
Figures 4 and 5 show the gate voltage dependence of the
Raman and conductance data of another suspended nanotube,
taken with a 633 nm laser at a power of 1 mW. The upshift
at large |EF| is experimentally difficult to observe, because
of the relatively weak gate coupling, and the fact that
suspended nanotubes are eventually destroyed at high gate
voltages. A strong initial frequency downshift was observed
in all six nanotubes of this study. The values reported here
for -1/q are smaller than the values reported else-
where,12,17,23,24 where -1/q ∼ 0.2-0.4. An interesting trend
is that the gate voltage dependence of -1/q was noticed to
change proportionally to (FWHM-γ0),2 where γ0 is the
intrinsic linewidth of 10-15 cm-1.
Figure 1. Sample G band spectra from two suspended m-SWNTs
showing the Kohn anomaly deactivation. The spectra in (a)
correspond to the data plotted in Figure 3, while those in (b)
correspond to Figures 4 and 5. Note the complete absence of the
defect-mediated D band.
Figure 2. Device Geometry: (a) Optical microscope image showing
SWNT device with focused laser spot and (b) close-up SEM image
of the device, showing the trench spanned by a suspended SWNT.
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The -1/q value for this nanotube is substantially smaller
than that of the previous nanotube (shown in Figure 3c) and
was observed to decrease over the course of the sample’s
lifetime (several months in air and at high temperatures
during testing) from -1/q ) 0.07 at EF ) 0 to -1/q ) 0.02
at EF ) 0. The maximum FWHM for this nanotube also
decreased, however, only by 2 cm-1 from 44.4 to 42.5 cm-1.
From the absence of a D band Raman signal throughout the
experiment, we can infer that few defects were introduced
into the SWNT over this time. However the large variation
in -1/q indicates that it is extremely sensitive to aging and
environmental conditions, in fact far more sensitive than the
FWHM or the D band intensity. These experimental results
highlight the need for a quantitative model describing the
behavior of the Fano parameter -1/q in response to gate
voltages and environment changes.
The nonadiabatic phonon renormalization model used in
Figures 3 and 5 was confirmed by density functional theory
(DFT) calculations10 and is outlined below. The equation
describing the frequency of the Γ-point optical phonon, ωΓ,
is given by
ωΓ)DΓ0M + DΓKAM (1)
where M is the mass of the carbon atom and DΓ0 is the
intrinsic (no Kohn anomaly) dynamical matrix. The equation
for the nonanalytical electron-phonon coupling contribution
to the dynamical matrix, DΓKA, is given by
DΓ
KA )
a0
22√3
π2dt
〈DΓ2〉F∫-kjkj { f [εv(k ’ )]- f [εc(k ’ )]εv(k ’ )- εc(k ’ )+EphLO,Γ+ iδ +
f [εc(k ’ )]- f [εv(k ’ )]
εc(k ’ )- εv(k ’ )+EphLO,Γ+ iδ} dk’ (2)
where a0 is the graphene lattice constant, EphLO,Γ is the
phonon energy, dt is the nanotube diameter, 〈DΓ2〉F is the
electron-phonon coupling constant, kj is a small integration
limit, f is the Fermi function, εv(k′) and εc(k′) are the
hyperbolic valence and conduction band dispersion relation-
ships, respectively, and δ is the electronic lifetime broadening
coefficient, found to be 0.9 and 0.8 meV for the nanotubes
in Figures 3 and 5, respectively. The adiabatic case is
approximated simply by setting EphLO,Γ ) 0. The FWHM is
given by the imaginary part of the nonadiabatic dynamical
matrix plus an intrinsic linewidth of 10-15 cm-1. It is
possible that this effect of nonadiabatic phonon hardening
near EF ) 0 has not been observed until now because the
substrate interaction increases the electronic scattering rate
by defect scattering. This would make the Born-Oppenheimer
approximation valid, by eliminating the nonadiabatic phonon
hardening near EF ) 0. Also, the effect would be difficult to
observe bulk samples due to inhomogeneities in the Fermi
level.9
From the diameter of the nanotube measured (obtained
from the RBM frequency), the electron-LO phonon coupling
constant 〈DΓ2〉F can be found directly by fitting the data. The
nanotube in Figure 3 exhibited an RBM in its spectra at 115.6
cm-1, corresponding to a diameter of 1.97 nm according to
the relation34 dt ) 227/ωRBM, giving a value of 〈DΓ2〉F ) 46
(eV/Å)2. Another nanotube (not shown) exhibited an RBM
Figure 3. Raman spectral data from a single-walled carbon nanotube. LO (a) shift (filled circles), (b) linewidth (FWHM, filled circles) and
(c) -1/q (open squares), as well as the electrical conductivity (filled circles) are plotted vs gate voltage (Vg). The Fermi energy (EF) is also
indicated on the top x axis. The lines in (a) and (b) show the results of the adiabatic (dashed) and nonadiabatic (solid) phonon renormalization
models discussed below (eqs 1 and 2), while the solid line in (c) represents the Boltzmann-Landauer transport model (eq 3).
Figure 4. Gate voltage evolution of the Raman spectra from a
second device. The gate voltage dependence of the parameters fit
to these spectra is presented in Figure 5.
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at 174.0 cm-1, corresponding to a diameter of 1.31 nm and
〈DΓ2〉F ) 52 (eV/Å)2.
The electrical data in Figures 3c and 5c are fit to the
Landauer model using the Boltzmann equation in the constant
relaxation time approximation.26,28-32 The resistance of the
nanotube can be found by taking a sum of the phonon
scattering resistance and the quantum resistance
R(V, T))Rscatt +Rquantum (3)
where each contribution is found by summing over the
density of states near the Fermi energy, following Biercuk
and McEuen.32 The Fermi energy is calculated numerically
as a function of gate voltage using a geometric gate
capacitance C, the Fermi function, and a hyperbolic density
of states model,33 according to the equation EF + (Q(EF)/C)
) eVg, where Q is the charge induced on the nanotube. This
equation includes the effect of the mini band gap (where
the density of states is zero), which creates a nonlinear Vg
- EF relationship. Inclusion of this nonlinear relationship in
the model is key to fitting the data properly. The mean free
path of electrons scattering by acoustic phonons, λac, was
taken to be 2 µm, in accordance with previous publications.30
The data were fit to the frequency, width, and conductivity
models self-consistently, with the gate capacitance, 〈DΓ2〉F,
dt, δ, contact transmission coefficients, and mini band gap
as fitting parameters. The band gaps for the SWNTs in
Figures 3 and 5 were found to be 42 and 120 meV,
respectively. For our single, pristine SWNTs, the model can
be seen to fit the data reasonably well with a gate capacitance
of 1.5-1.8 pF/m.
In conclusion, we report Raman spectra of isolated,
suspended metallic SWNTs (m-SWNTs) observed with
applied gate voltages. The LO phonon Raman band (G
-
) is
observed to initially downshift with applied gate voltage, then
subsequently upshift for |EF| > 1/2EphLO,Γ. This behavior is
attributed to the nonadiabaticity of the Γ-point Kohn anomaly
in m-SWNTs and constitutes the first experimental confirma-
tion of the predicted breakdown of the Born-Oppenheimer
approximation in individual SWNTs. The Raman data agree
quantitatively with a nonadiabatic model using time-depend-
ent perturbation theory, while the electron transport data are
fit using the Landauer model and the Boltzmann equation
within the constant relaxation time approximation. The results
showcase the use of pristine, defect-free nanotubes as model
systems for studying fundamental phenomena.
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